Objective: To use a case-control study to assess and compare patterns of gray matter loss across groups of subjects with different mutations in the microtubule-associated protein tau (MAPT) gene.
Frontotemporal lobar degeneration (FTLD) is a heterogenous progressive disorder characterized by behavioral and language abnormalities. 1,2 Approximately 40% of subjects have a positive family history with an autosomal dominant pattern of inheritance. 3, 4 A large proportion of these familial cases have been found to have a mutation in the microtubule-associated protein tau (MAPT) gene located on chromosome 17q21. 5 Mutations in MAPT are associated with deposits of hyperphosphorylated tau in the form of intraneuronal neurofibrillary tangles, Picklike bodies, and glial inclusions in the frontal and temporal cortices of the brain. To date, 44 different pathogenic mutations in MAPT have been identified 6 (http://www.molgen.ua.ac.be), including missense mutations, silent mutations, in-frame codon deletions, and intronic mutations. 7 The most common of these mutations are the C to T substitution corresponding to P301L in exon 10 5 and IVS10ϩ16CϾT (commonly referred to as IVS10ϩ16) in intron 10 7 .
Even though the 44 mutations are all present in the same gene, there is considerable clinical and pathologic heterogeneity across the different mutations. 8 We have demonstrated using a group-level analysis that subjects with mutations in MAPT have atrophy particularly involving the anteromedial temporal lobes 9 ; however, it is unclear whether variation exists in the patterns of atrophy across the different MAPT mutations. The aim of this study was to assess different MAPT mutations to determine whether the patterns of atrophy vary across mutations. This knowledge would provide valuable information about the disease course in these patients and may help to identify and even predict different mutations.
METHODS Subjects. We identified all subjects seen at Mayo Clinic, Rochester, Minnesota, that had screened positive for mutations in MAPT, were symptomatic, and had a volumetric head MRI scan (n ϭ 22). These included 4 subjects with the P301L mutation in exon 10 (c.1907CϾT; p.Pro301Leu) from 2 families, 4 subjects with a mutation at position ϩ16 in intron 10 (referred to as IVS10ϩ16) (c.1920ϩ16CϾT; IVS10ϩ16CϾT) from 1 family, 3 subjects with a mutation at position ϩ3 in intron 10 (referred to as IVS10ϩ3) (c.1920ϩ3GϾA; IVS10ϩ3GϾA) from 1 family, 3 subjects with the N279K mu-tation (c.1842TϾG; p.Asn279Lys) from 1 family, 3 subjects with the V337M (c.2014GϾA; Val337Met) mutation from 1 family, 2 subjects with the S305N mutation (c.1919GϾA; p.Ser305Asn) from 1 family, 10 1 subject with the G389R mutation (c.2170GϾA; p.Gly389Arg), 1 subject with the R406W (c.2221CϾT; p.Arg406Trp) mutation, and 1 subject with a mutation at position Ϫ10 in intron 9 (referred to as IVS9-10) (c.1827-10GϾT; IVS9-10GϾT). 11 These cases had been prospectively studied in our Alzheimer's Disease Research Center (ADRC) or Alzheimer's Disease Patient Registry (ADPR) between 1991 and 2008. The historic records of all cases were reviewed by an expert in neurodegenerative diseases (K.A.J.) for the abstraction of data, including sex, age at onset, illness duration, Short Test of Mental Status (STMS) score, 12 Clinical Dementia Rating Scale sum of boxes (CDR-SB), 13 Boston Naming Test (BNT), 14 and Auditory Verbal Learning Test (AVLT) 15 30minute delayed recall. Clinical diagnoses were made according to clinical criteria for behavioral variant frontotemporal dementia (bvFTD) 2 and primary progressive aphasia (PPA). 16 Subject demographics are shown in table 1. Five of these subjects underwent autopsy with pathologic findings of widespread tau deposition in neurons and glia.
Standard protocol approvals and patient consents. Informed consent was obtained from all subjects for participation in the studies, which were approved by the Mayo Institutional Review Board.
Genetic analysis. Analysis of MAPT exons 1, 7, and 9 -13 was performed using primers and conditions that were previously described. 5 PCR amplicons were purified using the Multiscreen system (Millipore, Billerica, MA) and then sequenced in both directions using Big Dye chemistry following the manufacturer's protocol (Applied Biosystems, Foster City, CA). Sequence products were purified using the Montage system (Millipore) before being run on an Applied Biosystems 3730 DNA Analyzer. Sequence data were analyzed using either SeqScape (Applied Biosystems) or Sequencher software (Gene Codes, Ann Arbor, MI).
Voxel-based morphometry. Voxel-based morphometry (VBM) was used to assess patterns of gray matter atrophy in the following groups of MAPT mutation carriers: IVS10ϩ16, IVS10ϩ3, N279K, S305N, P301L, and V337M. Only single subjects were available with the G389R, R406W, and IVS9-10GϾT mutations, and therefore these cases were not analyzed using VBM. Each MAPT group was compared with a group of 19 age-and sex-matched healthy control subjects. All control subjects were prospectively recruited into the ADRC or the ADPR and were identified from the ADRC/ADPR database. Control subjects were cognitively normal individuals that had been seen in internal medicine for routine physical examinations and asked to enroll in the ADRC or ADPR. All subjects were then evaluated by a neurologist to verify the normal diagnosis. Controls were identified as individuals who 1) were independently functioning community dwellers, 2) did not have active neurologic or psychiatric conditions, 3) had no cognitive symptoms, 4) had normal neurologic and neurocognitive examination results, and 5) were not taking any psychoactive medications in doses that would affect cognition. All subjects underwent a standardized protocol head MRI scan that included a T1-weighted 3-dimensional volumetric sequence. In the majority of cases, this consisted of a spoiled gradient-echo sequence performed at 1.5 T, although a total of 6 subjects with FTLD and 4 controls had a magnetization prepared rapid acquisition gradient-echo sequence performed at 3 T. Patterns of cerebral atrophy were assessed using the automated and unbiased technique of VBM. 17 An optimized method of VBM was applied using both customized templates and prior probability maps, 18 implemented using SPM5 (http://www.fil.ion.ucl.ac.uk/spm). The processing steps were performed as previously described. 19 Briefly, all images were normalized to a customized template and segmented by the unified segmentation procedure in SPM5 20 using the customized tissue probability maps into gray matter, white matter, and CSF, followed by the hidden Markov random field clean-up step. All images were modulated, and smoothed with an 8-mm full-width at half-maximum smoothing kernel.
A full factorial statistical model was used to assess patterns of gray matter atrophy in each MAPT mutation group compared with the control group. Adjustment for the potential confounders of age at scan, sex, and field strength was performed by including them as covariates in the statistical model. Results were assessed after correction for multiple comparisons using the false discovery rate (FDR) at p Ͻ 0.001. Given that the results showed a different pattern of temporal lobe volume loss in the IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations compared with the P301L and V337M mutations, we tested this statistically by grouping the IVS10ϩ16, IVS10ϩ3, N279K, and S305N subjects together and comparing them with a group of subjects that consisted of the P301L and V337M subjects. As in the main analysis, age at scan, sex, and field strength were included as covariates. Time from disease onset to scan was also included as a covariate in this analysis to correct for differences in the time that each subject had the disease. This analysis was assessed at a more lenient statistical threshold of p Ͻ 0.05 (FDR corrected).
Statistics. Statistical analyses were performed using JMP computer software (version 6.0.0; SAS Institute Inc., Cary, NC) with ␣ set at 0.05. Sex ratios were compared across groups with the 2 test. The Kruskal-Wallis test was used to compare continuous data across groups. Table 1 shows the subject demographics. Significant differences were observed across all groups, including controls, in education, STMS, CDR-SB, BNT, and AVLT delayed recall, with the subjects with FTLD showing poorer performance on cognitive tests than controls. The only demographic variable that was significantly different across the MAPT groups was education, which may reflect educational biases across different families. The majority of all the MAPT subjects had an established clinical diagnosis of bvFTD, except for 1 subject with the IVS10ϩ3 mutation who had a clinical diagnosis of PPA. The 3-dimensional renderings in figure 1 show that all of the MAPT groups showed predominant gray matter loss in the temporal lobes, particularly the anterior temporal lobe, with varying degrees of frontal and parietal lobe involvement. However, figure 2 shows that the focus of loss within the temporal lobes varies across the different MAPT mutations. The subjects with IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations show the most severe gray matter loss in the medial temporal lobes (table 2) , including the hippocampus, amygdala, parahippocampal gyrus, and fusiform gyrus. The inferior and lateral temporal lobes and temporal pole are involved although to a lesser degree. Gray matter loss was largely restricted to the temporal lobes in the IVS10ϩ16, IVS10ϩ3, and N279K groups, with the exception of the insula, whereas the S305N group also showed gray matter loss in the frontal and parietal lobes (figure 1). In contrast to these 4 groups, the subjects with a P301L or V337M mutation show a relative sparing of the medial temporal lobes, with greater loss observed in more inferior and lateral temporal regions ( figure 2 and table 2 ). Both the P301L and V337M groups also showed gray matter loss in the frontal lobes and basal ganglia, with some minor involvement of the parietal lobe. Gray matter loss across all 6 groups was bilateral.
RESULTS
A direct comparison between MAPT mutation groups correcting for differences in time from onset to scan demonstrated that the IVS10ϩ16, IVS10ϩ3, N279K, and S305N subjects have significantly greater gray matter loss in the hippocampus and amygdala than the P301L and V337M subjects (figure 2 and table e-1 on the Neurology ® Web site at www.neurology.org). Conversely, the P301L and V337M subjects showed greater gray matter loss in the middle and inferior lateral temporal gyri and in the frontal lobes than the other MAPT mutation subjects ( figure 2 and table e-1).
Figure 2
Patterns of temporal lobe gray matter loss in subjects with IVS10؉16, IVS10؉3, N279K, S305N, P301L, and V337M mutations
Coronal slices through the temporal lobes showing gray matter loss in each group compared with controls. The IVS10ϩ16, IVS10ϩ3, N279K, and S305N groups show the most significant loss in the medial temporal lobes (red arrows), whereas the P301L and V337M groups show the most significant loss in the lateral temporal lobes (red arrows). Bottom coronal slices show results of direct comparisons between the "medial temporal" subjects (IVS10ϩ16, IVS10ϩ3, N279K, and S305N) and the "lateral temporal" subjects (P301L and V337M). (A) Regions that show greater loss in the "medial temporal" group than the "lateral temporal" group; (B) regions that show greater loss in the "lateral temporal" group than the "medial temporal" group. CDR-SB ϭ median Clinical Dementia Rating Scale sum of boxes; DD ϭ median disease duration (time from onset to scan).
Example MRI scans from patients with each of these MAPT mutations illustrating the differences in temporal lobe involvement are shown in figure 3 . DISCUSSION This study used the automated technique of VBM to assess patterns of gray matter atrophy in groups of subjects with different MAPT mutations. Remarkably consistent patterns of gray matter atrophy were identified across subjects with the IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations. All 4 of these groups showed gray matter loss predominantly in the anterior temporal lobes, and particularly involving the medial temporal lobe structures. While subjects with P301L and V337M mutations also showed the most severe loss in the anterior temporal lobes, the loss was focused more on the lateral temporal cortex with relative sparing of the medial temporal lobe. These patterns of atrophy may help differentiate subjects with the P301L or V337M mutations from subjects with the IVS10ϩ16, IVS10ϩ3, N279K, or S305N mutations.
Medial temporal lobe atrophy therefore seems to be a striking feature of the IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations. Previous studies of individual mutations have found similar results, although no studies have compared multiple mutations. Severe medial temporal lobe atrophy has been observed in a couple of VBM studies that assessed subjects with the IVS10ϩ16 21 and IVS10ϩ3 22 mutations, and medial temporal lobe atrophy and 18-Ffluoro-deoxyglucose PET hypometabolism have been observed in individual cases of N279K mutation carriers. 23 Predominant temporal lobe atrophy has also been reported in subjects with the S305N mutation. 24, 25 In contrast to the findings in the IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations, subjects with the P301L and V337M mutations showed gray matter loss predominantly in the lateral temporal lobes. In fact, subjects with the P301L or V337M mutations, when grouped together, showed significantly more involvement of the lateral temporal lobes than the subjects with other MAPT mutations on direct comparison. A comparison in the opposite direction showed that the subjects with mutations in IVS10ϩ16, IVS10ϩ3, N279K, or S305N showed greater medial temporal lobe atrophy than the P301L or V337M subjects. These results are in keeping with the fact that performance on the test of episodic memory was better on average in the P301L and V337M mutation carriers (average score of 5 vs 2).
The severity and distribution of gray matter loss varied across the different MAPT mutations. This may in part be due to variability in the time from disease onset to the time of scan across the groups. For example, the V337M group showed a widespread pattern of gray matter loss and had an average time from onset to scan of 20 years, which is longer than any of the other MAPT mutation groups, suggesting that they may be further along in their disease course than the other groups. However, the P301L subjects also showed widespread loss including the frontal lobes but had a relatively short time from onset to scan of only 4 years, which suggests either that frontal lobe loss is an early feature of P301L mutations or P301L mutations may have a more rapidly progressive disease, and therefore atrophy has spread further through the brain in the same time. Previous studies have typically reported both temporal and frontal atrophy in P301L patients, 8, [26] [27] [28] and others have suggested that P301L subjects are rapidly progressive. 8 We also identified severe involvement of the basal ganglia in both the P301L and V337M subjects. Basal ganglia involvement has been previously observed in single P301L cases. 27, 29 Similarly, the S305N subjects showed gray matter loss in the frontal and parietal lobes but had a short time from onset to scan, although this group only consisted of 2 subjects. Subjects with P301L, V337M, and S305N also performed more poorly on tests of dementia severity (CDR-SB and STMS) than subjects with the other mutations. Therefore, although disease duration could account for the widespread pattern of atrophy observed in the V337M group and even possibly in the P301L group, it seems that S305N may simply be a more severe phenotype given that the disease duration was short (1-3 years). Further investigation with larger numbers of subjects will be needed to determine whether the involvement of the frontal and parietal lobes are mutation specific or consequences of variability in disease duration. Nevertheless, the P301L and V337M groups showed a fundamentally different anatomic pattern of tempo-ral lobe involvement compared with the other mutations which survived in the analysis that corrected for time from onset to scan and therefore could not be a product of simple differences in disease severity. These patterns of atrophy may therefore be useful in distinguishing subjects with the P301L and V337M mutations from those with the IVS10ϩ16, IVS10ϩ3, N279K, or S305N mutations. The IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations are all predicted to cause disease by influencing the alternative splicing of tau pre-messenger RNA (mRNA). 7, 30 They all increase the splicing of exon 10, thus changing the ratio between 3R and 4R tau isoforms and resulting in an increase in 4R tau. Mutation S305N located at the splice site of exon 10 and intronic mutations, IVS10ϩ16 and IVS10ϩ3, are predicted to directly affect a stem-loop RNA structure spanning the splice donor site of intron 10, 5,31 whereas mutation N279K has been proposed to increase the inclusion of exon 10 by strengthening a cis-acting polypurine element. The P301L and V337M mutations are also located in exon 10, but in contrast to the other mutations, they do not affect splicing of exon 10 but instead affect the structure and functional properties of the tau protein. 7, 30 Tau proteins that contain the P301L and V337M mutations are more favorable substrates for phosphorylation 32 and hence lead to the aggregation of tau. 7, 30, 33 This dichotomy in function across the mutations seems to correlate with the dichotomy observed in the patterns of temporal lobe atrophy, suggesting a possible relationship between the effect of the mutation on tau and the resultant patterns of atrophy in MAPT mutation carriers. However, how these different disease mechanisms may influence these anatomic changes is unclear, and further investigation will be needed to investigate whether this relationship generalizes to different mutations.
Although the numbers of subjects in our MAPT groups were small, we have found evidence that the P301L and V337M mutations have different patterns of atrophy to the IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutations. A feature that is consistent across all these mutations was the fact that all showed the greatest degree of loss in the anterior temporal lobes, which explains the poor performance on tests of memory and naming observed in all the MAPT mutation groups. We have previously shown that this feature helps to differentiate subjects with mutations in MAPT from those with mutations in progranulin. 9 Indeed, as we have previously published, some of these patients were given an initial diagnosis of mild cognitive impairment or Alzheimer disease 9 reflecting the memory impairment. The predominance of IVS10ϩ16, IVS10ϩ3, N279K, and S305N mutation carriers in our previous study explains why we found significant anteromedial temporal lobe atrophy in our group of MAPT mutation carriers. 9 Our results also suggest that there may be a possible association between mutation function and atrophy, with mutations that influence splicing of tau pre-mRNA showing medial temporal volume loss and mutations affecting protein structure showing lateral temporal loss. Future studies will need to expand on these results, particularly with a view to understanding the relationship among disease mechanisms, pathology, and brain atrophy in FTLD.
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New Guidelines Examine Evaluation, Testing for Microcephaly
New evidence-based practice guidelines developed by the American Academy of Neurology in full collaboration with the Child Neurology Society address evaluation of the child with microcephaly and recommendations for neuroimaging, genetic testing, and screening of coexistent conditions. The guidelines were published in the September 14, 2009, online issue of Neurology ® .
